To reduce GHG emissions, the EU27 countries committed themselves in 2007 to reduce emissions from 1990 levels by 20% by 2020. In January 2008, the EU commission gave the first country-specific proposals to reduce emissions in sectors outside the EU emission trading system (non-ETS). In this study, we looked at several ways of sharing emission reductions in the non-ETS sector. We considered population and economic growth as significant drivers of the development of emissions. In particular, we analyzed development in GHG intensity of economies. Reduction requirements vary greatly among countries depending on the principle of effort sharing. The results of our calculations can be perceived as examples of how effort sharing between the EU Member States could look like when certain assumptions are made. Generally they illustrate the sensitivity of the results to data used, assumptions made, and method applied. The main strength of simple top-down approaches is transparency. A major weakness is a very limited ability to consider national circumstances. Political negotiations are ultimately crucial; an analysis like this provides material for negotiations and makes a contribution to solving the effort-sharing problem. As future development is partly unpredictable, implementation of some kind of subsequent adjustment could be considered during the process.
Introduction
Human-inflicted greenhouse gas emissions affect the global temperature. The global mean temperature is expected to increase significantly and there is a growing risk of extreme climatic events (IPCC 2007) . In 1996, the European Commission recommended that the rise in global average temperature should be limited to 2 °C above the pre-industrial level. The European Union, accounting for approximately 14% of global GHG emissions (European Commission 2005) , is in the forefront of combating climate change. In March 2007, the EU Prime Ministers agreed on a post-Kyoto target, a commitment of a 20% reduction of GHG emissions by 2020 from 1990 levels. On the condition that other countries also commit to reductions, they agreed that the EU countries should reduce GHG emissions by 30% for the same period.
To arrive at 20% emission cuts by 2020 is, however, challenging. To achieve the particular target of reducing CO 2 emissions alone is a demanding task, as this would mean around a two-fold improvement in the decarbonisation and dematerialisation rates occurred in the EU27 during 1993 -2004 (Saikku et al. 2008 . In that period, affluence and population grew strongly, more than offsetting the modest efficiency gains. The rates of dematerialisation and decarbonisation varied between countries, with faster development in the 12 new Member States than in the EU15. Consideration of reducing non-CO 2 greenhouse gas emissions provides some relief to the challenge as there are many cost-effective options to reduce these emissions (Delhotal et al. 2006) . Consideration of ecosystem biomass as a carbon sink, as well as implementation of emission reductions in developing countries through the Clean Development Mechanism (CDM) would have considerable significance for the EU, but these are dependent on the development of the international climate policy.
The European Commission proposed legally binding Post-Kyoto targets for its current 27 Member States o n 2 3 Januar y 2 00 8 (Co mmi ssi o n 2 00 8 ). E mi ssi o ns wo uld be r educed separately in the emission trading sector (including mainly energy and industrial GHG emissions), and sectors not included in emission trading (non-ETS), such as residential, agriculture, transportation and waste management. The proposed reduction in the Emission trading sector was 21% and in the non-ETS sector 10% from the 2005 level (Commission 2008) . The emission trading sector will be administered at the EU level whereas the other sectors will be given an overall national target. The proposal in the non-ETS sector divides emission reduction efforts between Member States based on simple GDP per capita criteria. According to the Commission, countries with low GDP/capita and high GDP growth expectations should be allowed to increase their emissions.
Effort sharing approaches can be studied from many different perspectives. Besides topdown methods, an approach may be based on more sophisticated and data-oriented bottom-up methods. For EU Member States, the internal burden sharing of the Kyoto Protocol was previously negotiated on the basis of Triptych method (Blok et al. 1997) . Triptych is a relatively simple sectoral approach for sharing national emission allowances, serving to improve understanding about differences in national circumstances relevant to burden differentiation. The approach enhances population size and population growth, economic structure, emission intensity of economy as CO 2 /GDP, affluence as GDP/capita, standard of living as CO 2 /capita, energy efficiency as CO 2 /Energy, fuel mix and climate as heating degree days (Phylipsen et al 1998) . Triptych has been later expanded as a global application to set post-Kyoto targets. The sensitivity and suitability of the extended Triptych approach developed by Ecofys (Phylipsen et al. 2004) to set emission quotas was tested and analysed by Soimakallio et al. (2006) . In addition to the Triptych approach, other options for differentiating GHG mitigation commitments internationally and in the EU, particularly for the post-Kyoto period, were summarised, among others, by Sijm et al. (2007) .
Any effort sharing principle should be politically acceptable with respect to fairness principles and operational requirements (Torvanger and Ringius 2001) . The key issue with an effort-sharing method is the dilemma between its transparency, on the one hand, and its ability to take into account national circumstances, on the other hand (Soimakallio et al. 2006) . The data used for calculating the targets for the parties should be robust, generally acceptable, and transparent so as to be open to critical analysis. The latter requirement can easily conflict with effort-sharing methods based on sophisticated model calculations, which are typically required for responding to certain scopes of fairness. The strengths of simple top-down methods are relatively good availability and a limited amount of required data, as well as transparency of the method. However, the restricted ability to consider national circumstances and factors explaining top-down figures can be seen as a major weakness. This paper presents a few top-down approaches to sharing the effort to reduce greenhouse gas emissions outside the EU's emission trading system within the EU countries by 2020. The top-down approaches studied are based on the economy's greenhouse gas intensity by taking into account the forecasted economic and population growth. In addition, we consider and evaluate the EU Commission preliminary proposal for effort sharing from the viewpoint of our results. Finally, we discuss different top-down approaches, sensitivities in the results and uncertainties related to studies based on forecasts.
Data sources and methods

Scenarios in this study
Top-down macro figures are used in the approaches studied to set the emission reduction targets for the Member States. The approach takes into account the current level of greenhouse gas emissions (Appendix 1.) and the forecasted growth of population and the economy in the different Member States, and simply sets the targets for greenhouse gas intensity of economy in terms of GHG/GDP for the non-ETS sector by applying various rules.
Four different effort sharing scenarios were calculated for non-ETS emission reduction. The r e d u c t i o n i s a s s u m e d t o s t a r t i n 2 0 0 8 . T h e t o t a l r e d u c t i o n i n t h e n o n -E T S s e c t o r i s determined through reductions in the ETS sector. ETS emissions in countries are reduced by 20% from 2005 verified emissions. The reduction in the ETS sector is determined by the grandfathering principle, where each country reduces their emissions by the same share. Scenario 3: National rates of GHG/GDP are the same as they were in 1993-2005. In order to reach a reduction of 20% by 2020, an additional reduction is required. This additional annual reduction is set constant over time and the same for all countries in percentage terms.
Scenario 4: GHG per capita becomes equal in all countries in 2020.
Data
The historical data for greenhouse gas emissions and GDP, as well as forecasts for population growth (baseline variant by 2020) in the different Member States, were derived from the Eurostat database (2008). Population growth is predicted to influence development to some extent, around 1% per year in Ireland and some small countries like Cyprus (Appendix 2). Population acts as a downward force for e.g. Bulgaria, Latvia, Lithuania and Estonia.
Forecasts of economic development were carried out according to a model described in more detail in Saikku et al. (2008) . In the model, real GDP growth rates for 2007-2008 as reported by Eurostat (2008) were used in the forecasts. For projections of the development of total GDP after 2008, countries were divided into four groups based on the level of their affluence (GDP/capita) in 2006. The GDP's of the countries in the richest group are set to grow at a rate of 2% per year. The other three groups of countries converge to the average affluence level of the richest group at differing time-spans, depending on their initial level of affluence.
We used estimates for the non-ETS sectors' GDP in our calculation. The approximated GDP share of the Emission Trading Scheme (ETS) sectors is roughly based on Eurostat (2008) GDP data, on GDP of the energy industries, the manufacturing industries and construction, and industrial processes. The non-ETS sector GDP is a complement of the ETS sector GDP.
Non-ETS GDP growth in years 2008-2020 is expected to be considerable, more than 5% per year, for a few countries: Romania, Poland, Bulgaria, Hungary and Slovakia (Appendix 2). GDP growth is projected to be most modest, around 2% per year, in some other western countries, for instance Germany and France.
We also compared required GHG intensities in our scenarios to recent historical development. Historical development in GHG/GDP during 1993-2005 was calculated for total GDP. Non-ETS GHG estimated for 1993 is based on Eurostat emissions for the energy industries, and manufacturing and industrial processes. GDP (ppp-corrected) for 1993 from Penn World Table ( Heston et al. 2007 ).
Sensitivity analysis
We conducted the following test runs for all scenarios to analyse certain sensitivities involved in the results. In comparison to the base case presented above: 
Results
The effort sharing approaches studied varied relatively significantly in terms of greenhouse gas targets for 2020 in the non-ETS sector for EU Member States ( Fig. 1 , see detailed results for all countries in four scenarios in Appendix 3). Countries' reduction targets are determined by their level of GHG emission in the starting year (2008), their current GDP and population level and growth expectations. Also historical development in GHG/GDP has an impact in one scenario.
In scenario 1, all countries need to improve their GHG intensity of economy at the same rate. The emission reduction target depends on the growth rate of GDP. Those countries with highest estimated GDP growth are allowed to increase their emissions. The other way around, for example Germany has lowest expected GDP growth and tightest emission reduction target.
1 The two reference forecasts of POLES and Mantzos et al. are more sophisticated approaches on GDP growth and are based on detailed system models. The growth expectations for several Eastern European countries are much more modest (max 3%/year for any EU country) compared to Saikku et al. In fact, some countries' GDP is expected even to decrease (Latvia in POLES and Mantzos et al., in addition, Bulgaria, Czech, Estonia, Hungary, Romania, Slovakia and Slovenia in Mantzos et al.) . The forecast of POLES is PPP corrected, similarly to Saikku et al. (2008) and the expected growth fall very close to each other for a few Western European countries (e.g. Denmark, Germany, Netherlands, Luxembourg, Finland, Belgium). Also, the growth expectations for these countries are more modest when comparing to Mantzos et al.
Scenario 2 assumes equal emission per GDP for all countries in 2020. The emission reduction target depends on the level of GHG/GDP in the starting year in relation to estimated GDP growth. Those countries with low GHG/GDP level in the starting year (2008) together with relatively high increase in expected GDP growth can emit the most (like Malta and Latvia). Sweden, in particular, is allowed to grow its emissions because the level of GHG/GDP in base year is low although its GDP growth is below the EU average.
Scenario 3 is based on historical rates of GHG/GDP. Emission reduction targets depend on historical rates of GHG/GDP multiplied with expected GDP growth. Those countries whose historical rate in GHG/GDP has been decreasing intensively combined with moderate GDP growth expectations get the toughest targets (like Ireland, Finland, United Kingdom, Denmark and Sweden). Although expected GDP growth in Latvia exceeds the EU average the country should reduce emissions significantly in scenario 3 due to a remarkable decrease in historical GHG/GDP.
Scenario 4 assumes equal emissions per capita for all countries in 2020. Emission targets depend on the factor determined by GHG/capita in the starting year in relation to population growth. Those countries with a low GHG/capita level in the starting year (2008) and/or high estimated increase in population growth are allowed to emit the most, like Malta, Latvia, Romania and Bulgaria.
Variation in emission targets between scenarios for particular countries was considerable for some of the Member States but more moderate for others ( Fig. 1 ). The variation between scenarios was moderate when the determining factors in a particular country were close to the EU average in all scenarios. However, as the determining factors, e.g. GDP growth in scenario 1 or emissions per capita in relation to population growth in scenario 4, vary between scenarios, there is no clear answer why the deviation is more considerable for some countries than the others. The variation in terms of percentage points was large for Latvia, Slovakia, Romania and Luxembourg. For Cyprus, Netherlands and Estonia, and also, Slovenia, Germany and France, variation was small. The reduction targets proposed by the Commission (Appendix 3) fall in the range of the results in our study for all countries, except Slovenia. There is variation in the stringency of targets between scenarios for each country (table 1) . For example, scenario 1 (equal non-ETS reduction in GHG/GDP), results in toughest targets for a few countries that are below the EU average both in 2005 and 2020, in terms of absolute GHG intensity of economy. Between different scenarios, Equal non-ETS GHG per GDP favours wealthy western countries like Denmark and France, but also Latvia. However, when other GDP forecasts are used, the GHG/capita option becomes more favourable for Latvia.
Scenario 3, historical rates of GHG/GDP, yields tougher targets compared to other scenarios for a few Western Europe countries like Ireland and some Eastern European countries, like Latvia and Lithuania. In Eastern Europe, a structural change occurred during 1993-2005 and more of the decrease in non-ETS GHG/GDP can be attributed to strong GDP growth than falling emissions. Also, in these countries, GHG/GDP in 1993 was at a high absolute level. In Ireland the absolute level was much above the EU average in the beginning of the historical period in comparison. The variation in terms of reduction targets is widest in scenario 4; however, it is the most extreme only for a few countries. Looking at all countries' average requirements in different scenarios ( fig. 1 ), would result in -8% total change from 2005 level, thus filling the actual target in our scenarios. Combination of all countries "easiest" targets, would result in +7% change in emissions compared to 2005 level, and toughest targets, in -22% change, respectively. When looking at the requirements for improving the greenhouse gas intensity of economy in the non-ETS sector, the relatively fastest improvement is required especially in Luxembourg, Ir el and and in so me E aster n E uro pean countr ies, Li ke Po l and and Ro mani a (tabl e 2 .). However, according to our scenarios, Ireland is the only country that comes close to maintaining the historical rate, on average. Latvia faces great reduction requirements, if emissions are reduced based on reductions in GHG intensity in the past (scenario 3). Nevertheless, Latvia would be allowed on average less improvement in annual GHG intensity than during 1993-2005. Slovakia, Romania and Poland would face toughest GHG intensity reduction requirements in scenario 2, equal GHG per GDP. For Sweden, UK, Finland and Denmark, the required effort is less than double the historical rate. For most countries, the EU-proposal rates are close to the average rates in our scenarios. -0,2 % -3,3 % -3,7 % -4,7 % -3,1 % -4,7 % -4,1 % Bulgaria -1,7 % -5,0 % -3,7 % -5,9 % -4,6 % -4,0 % -4,5 % Cyprus -1,0 % -4,3 % -3,7 % -3,7 % -3,9 % -3,6 % -3,7 % Czech Republic -0,5 % -3,8 % -3,7 % -6,6 % -3,4 % -5,0 % -4,7 % Denmark -2,1 % -3,9 % -3,7 % -1,4 % -4,9 % -3,3 % -3,3 % Estonia -1,4 % -2,8 % -3,7 % -4,5 % -4,3 % -4,4 % -4,2 % Finland -2,4 % -3,6 % -3,7 % -3,7 % -5,3 % -3,3 % -4,0 % France -1,1 % -3,2 % -3,7 % -2,6 % -4,0 % -3,0 % -3,3 % Germany -1,2 % -3,2 % -3,7 % -3,1 % -4,1 % -2 1,0 % -4,9 % -3,7 % -3,0 % -1,9 % -3,0 % -2,9 % Romania -1,1 % -7,1 % -3,7 % -8,2 % -4,0 % -5,5 % -5,4 % Slovakia 1,8 % -4,5 % -3,7 % -6,1 % -1,1 % -3,3 % -3,5 % Slovenia -1,2 % -2,8 % -3,7 % -3,6 % -4,1 % -3,0 % -3,6 % Spain 1,4 % -4,5 % -3,7 % -3,3 % -1,5 % -3,4 % -3,0 % Sweden -2,1 % -3,7 % -3,7 % -0,5 % -5,0 % -1,1 % -2,6 % United Kingdom -2,2 % -3,5 % -3,7 % -1,6 % -5,1 % -3,1 % -3,4 %
Sensitivities in the results
Changing assumptions in the scenarios causes a great deal of variation in the reduction targets for countries (appendix 4). Changing the base year from 2005 to 2004 results in mainly minor differences for countries in scenarios 1 and 3. There is no impact on targets for scenarios 2 and 4 as these scenarios use projections for 2020 as a basis for calculations ( Changing the EU's total non-ETS reductions naturally has a great influence on the reduction targets of countries (Fig 3.) Changing the GDP forecast has a great impact on the results in Scenarios 1, 2 and 3 (an example is SCE1 in Fig. 4 ). There is no impact on non-ETS reductions when the reductions are based on GHG per capita criteria (SCE4). The reductions with the POLES forecast (Russ et al. 2007 ) fall closer to the baseline in our study than that of Mantzos et al. (2003) . Overall, the forecasts of POLES (Russ et al. 2007 ) and Mantzos et al. (2003) give tougher targets for eastern European countries compared to the base case scenarios with the forecast of Saikku et al. (2008) , in which these countries are allowed to grow their emissions. The emission growth until 2020 is thus allowed by the growing economy, even though the GDP/GHG ratio would decrease. Figure 4 . Test Run 4: Impact of changing GDP forecasts in Scenario 1 (baseline compared to reference forecasts). The reference forecasts have greatest variation compared to the baseline for countries furthest left. SCE1 is shown here as an example, the variation in SCE2 & S C E 3 a r e f o r m o s t c o u n t r i e s t h e s a m e o r d e r o f m a g n i t u d e ; f o r s c e n a r i o 4 ( E q u a l GHG/capita), the GDP forecast is insignificant.
Discussion
To mitigate climate change, the EU has agreed upon a unilateral commitment to reduce GHG emissions by 20% from 1990 levels by 2020. The European Commission has proposed separate targets for ETS and non-ETS sectors, being reductions of 21% and 10%, respectively, compared to the emissions in 2005. The EU Commission has also proposed to share national reduction targets for the non-ETS sector by considering the ability to pay criteria (GDP/capita) and certain extra limitations. For the ETS sector no national quotas are given in the proposal (EC 2008) .
We studied different ways of sharing the reduction targets among countries and assessed underlying assumptions of the calculations for the period until 2020. Estimates of non-ETS emissions for each EU country for 2020 were generated in alternative ways, which all met the unilateral reduction target as mentioned above for the EU as a whole. We considered unanimous annual reduction, historical development and convergence in GHG/GDP as a basis to share emission targets. In addition, GHG/capita convergence was applied. Different scenarios and changes in underlying assumptions caused great variation in emission reduction targets in this study. The emission reduction requirements for a given country varied depending on the criterion, confirming the findings of den .
The requirement for the total EU reduction of non-ETS emissions, and hence, the allocation of reduction between ETS and non-ETS, is of great importance. den assessed that reducing non-ETS emissions is cost-effective and assumed around 31% reduction from 2005 levels within the non-ETS sector, which is more than the EU proposed . Ekholm et al. (2008) estimated a cost-optimal solution, where nearly equal requirements are set for ETS relative to non-ETS: 14% less in 2020 than in 2005 at both sectors. Much uncertainty is associated to the reductions, as these studies and the EU proposal assume very different emission reduction between the ETS and the non-ETS sectors. Our sensitivity analysis showed that changing the allocation of emission reductions between the ETS and the non-ETS sector has significant influence on the national non-ETS reduction targets of countries, and thus on the reductions and related costs assigned for e.g. agricultural, residential and traffic sectors.
The assumptions behind the calculations are of great importance. The selection of the base year for data used in the calculations may have a significant influence on the results especially if the selected year is very exceptional for a certain country. Using the average values of a prolonged time period rather than one randomly selected year as a starting point for calculations would certainly be more representative.
In addition to statistical sensitivities, more importantly, the choice of GDP forecasts has a major impact on the results. In general, even though forecasts are important when determining emission targets, inequity is embedded in emission allowances when overestimation or underestimation of the future development of GDP occurs. The assumptions behind the Kyoto negotiations compared to the actual development as it took place were inaccurate for some of the Member States such as Finland (Soimakallio et al. 2005) . In long-term commitments of emission reduction in nations, in order to mitigate the impact of the uncertainty in forecasts, effort sharing methods and monitoring mechanisms using some kind of adjustment rules can be considered preparing for unpredictable elements of change.
Strengths and weaknesses of the effort sharing approach studied
The major strength of simple top-down effort sharing methods in general is the transparency and limited amount of data required. In addition, statistics for generally known macroindicators are relatively well-available for different countries. However, at the same time such methods are very limited to take national circumstances explaining the background of macro-figures into account.
GHG emissions, GDP and population were the only statistical data required in the studied approaches in this paper. In addition, we considered forecasts of population and economic growth that can be seen as substantial drivers for the development of emissions. However, also population dynamics, incomes, as well as productive structures and energy intensities of the economy, significantly influence the volume of greenhouse gas emissions, and should be accounted for when allocating emission quotas (Martinez-Zarzoso et al. 2007 ).
According to Meyerson (1998) population issues were not considered in the formulation of the Kyoto protocol because of the complexity of population interactions as well as political issues. York (2007) explored fourteen European nations, finding that population size and age structure have clear effects on energy consumption. Also, economic development and urbanization contribute substantially to changes in energy consumption. Martinez-Zarzoso et al. (2007) found that especially for old EU Member States, the impact of population growth on CO 2 emissions is less than proportional. For New EU countries, however, emissions grow relatively more as population size grows, showing the complexity behind population issues.
Lowering greenhouse gas emissions per economic output or per capita are reasonable targets and inevitably necessary for mitigation of climate change. In principle, a high absolute value for greenhouse gas intensity may depict more inefficient consumption or a more energy intensive structure of economy together with an emission intensive energy production structure. The potential and costs of reducing greenhouse gas intensity may vary extensively between the Member States due to several causes, such as structure of economy, energy production mix, natural resources, climatic and geographical conditions, population density, and public consumption which are not considered in the approaches based on a few macro-figures. Consideration of national features would be important in particular for countries that vary significantly from the average.
Finally, the use of particular macro-figures does not objectively consider consumption. Majority of emission inventories allocate emissions to countries based on their production. However, there are significant amounts of emissions embodied in traded goods. According to (Peters & Hertwich 2008 ) most countries in the EU27 were net importers of embodied GHG emissions in traded goods (Fig. 5) . Only the Czech Republic, Romania, Bulgaria, Poland and Finland were net exporters, i.e. production-based emissions were larger than consumption-based. If consumption based emissions were considered in effort sharing these countries' reduction targets would most likely be lowered. The EU27 as a whole is a net importer; production based emissions covered 89% of the consumption in 2001. Peters & Hertwich (2008) . Countries with over 100% share (dark colums) are net exporters of embodied emissions in traded goods; others are net importers (grey columns).
Concluding remarks
The effort all EU members is needed in order to achieve GHG emission reductions of 20 % within the European Union by 2020. The required country-specific reductions in the sectors outside emission trade such as transportation, housing, services and agriculture will depend on the applied principle of effort sharing, the allocation of reductions between ETS and non-ETS sectors, the selected base year, and forecasts used. Macro-figures of economy, emissions and population are useful when exploring the trends and targets of future emissions. However, when the aim is to understand the causes for the emissions and reach greater dimensions of equity in effort sharing, a more detailed consideration of the national circumstances may be required to achieve a fair solution. We recommend that different types of indicators and models are used, and assumptions are carefully considered. This provides adequate perspective for the proposed emission reductions. Also, when using forecasts or projections in effort sharing, developing methods that use some kind of rules that allow for adjustment after the primary targets have been set could be valuable for mitigating the impacts of unsuccessful forecasts. Finally, any analysis like this provides relevant information for policy making, but political will, negotiations skills, and the practical capacity of implementing the reductions will eventually determine the success in lowering the GHG emissions as desired. 
